Introduction {#Sec1}
============

Sugarcane (*Saccharum* spp.) is one of the key crops for the Brazilian economy. Indeed, the sugar and sugarcane-ethanol industry represent 12% of the country's Gross domestic product (GDP) and employs 4.5 million workers annually^[@CR1]^. During the 2017--2018 crop season, 646.4 million tons of sugarcane are expected to be harvested from approximately 8.7 million hectares^[@CR2]^. Due to the increasing number of flex-fuel vehicles and the requirement for renewable energy, the demand for ethanol predicted for 2021, according to government sources, is expected to reach 68.3 billion liters^[@CR3]^ representing 2.2 times the quantity produced in 2015 (30 billion liters)^[@CR4]^. In addition, there is a significant number of companies expanding business opportunities in new biorefineries, investing in R & D of bioplastics^[@CR5]^ and developing studies on bioelectricity. In this promising scenario for the sector, the government has introduced incentives and programs to increase the efficiency in sugarcane production.

Among the major pests of sugarcane are the spittlebugs, especially the species *Mahanarva fimbriolata* (Stål, 1855) and *Mahanarva posticata* (Stål, 1854) (Hemiptera: Cercopidae). *M. fimbriolata* can cause losses of up to 40% in production^[@CR6]^ at various stages of development during the rainy season (November to March) in Southeast of Brazil. Nymphs extract water and nutrients from the roots, causing stress that predisposes plants to steam-cracking and deterioration, while adults feed and inject toxins into leaf which cause necrosis of the leaves^[@CR7]^. Furthermore, these damages change the physical quality of sugarcane used as raw material in the industry, by reducing the sugar content in stems and increasing the fiber content^[@CR8]^.

The genus *Metarhizium* is an important group of entomopathogenic fungi with a worldwide distribution^[@CR9]^. Products formulated with this fungus are used in agriculture worldwide, acting as biological control agents for many orders of insect pests^[@CR10]^. In Brazil, *M. anisopliae* is the fungal species with the highest number of product registrations^[@CR11]^, as well as being the entomopathogen most widely commercialized by companies and produced on a large scale by sugarcane mills for controlling spittlebugs (adults and nymphs). Nowadays it is estimated that 2 million hectares are treated annually with *Metarhizium anisopliae* to control spittlebugs^[@CR12]^. This is considered one of the most successful biological control programs in the world.

Previous studies showed spittlebugs infection rates after the application of *M. anisopliae* strains to range from 16 to 88%^[@CR13]--[@CR17]^. These different results could be explained by the high variation of experimental conditions and different approaches used for monitoring and measuring fungal infection in spittlebugs. For a correct measurement of fungal infection, one needs to consider the natural infection of spittlebugs by native *Metarhizium* spp. in sugarcane fields. Therefore, without using molecular tools, it is not possible to distinguish whether spittlebug mortality is caused by the applied *Metarhizium* strain or by those already present in the sugarcane field. None of the studies mentioned above have used molecular tools to address spittlebug infections.

Molecular markers are tools able to detect DNA polymorphisms in different populations of a species. Indeed, number of investigators have already shown that it is possible to distinguish between various *Metarhizium* spp. isolates recovered from the environment using microsatellites markers^[@CR18]--[@CR20]^.

In Brazil, the species: *M. anisopliae*, *M. acridum*, *M. majus*, *M. flavoviride*, *M. brunneum*, *M. pingshaense, M. robertsii, M. lepidiotae, M. pemphigi*, *M. blattodeae, M. rileyi, M. alvesii* and *M. braziliense* have been identified, and three taxonomically unassigned lineages have also been found^[@CR21]--[@CR28]^. In sugarcane, four species have been identified so far in Brazilian soils: *M. robertsii, M. anisopliae, Metarhizium* sp. indet. 1 and *Metarhizium* sp. indet. 2^[@CR27]^. Unlike the high species diversity in soil, only one clade of *M. anisopliae* (Mani 2) was observed to naturally infect spittlebugs collected from Brazilian sugarcane agroecossystem^[@CR27]^. However, there are few studies focusing on *Metarhizium* ecology and molecular diversity, involving different sampling resources in sugarcane^[@CR29]^. The impacts of natives *Metarhizium* in spittlebugs and the effectiveness and persistence of the applied strain of *Metarhizium* in sugarcane agroecosystem is still unknown.

The fungal genus *Metarhizium* is both entomopathogen and endophyte; they are found in soil, insects (specially infecting spittlebugs)^[@CR27]^ and they are able to colonize roots of a variety of plants^[@CR30],[@CR31]^, resulting in increased plant growth and providing increased tolerance against pests and diseases^[@CR30],[@CR31]^. The diversity of *Metarhizium* from insects and from soils has been explored elsewhere but few studies focused on the diversity of root competent *Metarhizium*. Here, we hypothesized that there is a niche specialization in *Metarhizium*, with some species/strains more associated with entomopathogenicity above ground and other species/strains specialized on plant root association.

By monitoring the prevalence and the fate of a strain applied to the sugarcane, we also characterized the genetic variability of native populations of *Metarhizium* responsible for killing spittlebugs as well as from soil and sugarcane roots. This information will undoubtedly be useful to improve the microbial control of spittlebugs. In order to maximize the efficacy of the applied biological control strategy (inundative application of a virulent strain) or to promote natural biological pest control (development of conservation biological control strategies to favor local strains), the first step is to get a clearer picture of the diversity and dynamics of *Metarhizium* species in agricultural fields^[@CR31]--[@CR35]^.

In the present work our aims were therefore: (1) to determine the prevalence in soil, roots and spittlebugs populations of a commercial strain of *M. anisopliae* (ESALQ1604) sprayed on sugarcane field by using ten microsatellites as molecular markers. (2) to characterize microsatellite and species diversity of *Metarhizium* spp. in spittlebugs populations, soil and sugarcane roots in a sprayed and an unsprayed plot.

Results {#Sec2}
=======

Persistence of the applied strain in sugarcane field over a period of ninety days {#Sec3}
---------------------------------------------------------------------------------

The applied strain ESALQ1604, represented by the multilocus microsatellite haplotype (MMH) 152 (Fig. [1](#Fig1){ref-type="fig"}), was recovered only from insects collected in the sprayed plot on all post-application dates except on day 90 (last collection) (Fig. [2](#Fig2){ref-type="fig"}). This strain represented 50% (n = 19), 50% (n = 1) and 70.5% (n = 12) of all isolates recovered from insects collected 7, 30 and 60 days after ESALQ1604 application, respectively (Fig. [1](#Fig1){ref-type="fig"}). The remaining MMH found in insects after fungus application were represented by: nine MMH (54, 57, 75, 102, 103, 104, 154, 156 and 158) recovered after seven days of application; one MMH (96) recovered after 30 days and 4 MMH (150, 154, 95 and 108) recovered after 60 days of application. Conversely, we found five MMH that represented all isolates recovered from insects on sampling dates before application (106, 107, 140, 146 and 150) (Fig. [1](#Fig1){ref-type="fig"}). Only MMH 150 was recorded from insects before and after fungal application.Figure 1Frequency of the multilocus microsatellite haplotypes (MMH) recovered from infected spittlebugs collected on three dates before fungus application (PA) and seven (7D), 30 (30D) and 60 (60D) days after fungus application. The MMH, 152 represents the applied strain (ESALQ1604).Figure 2Percentage of insect infection (left y-axis) in sugarcane fields on three dates before and four dates after ESALQ1604 application, and the number of insects (right y axis) recorded by sample spot (linear meter). Percentage of fungus infection in adults and nymphs (bars) and the average of insects collected by sample point per date (dashed rows). The x-axis shows the sampling date and the days before or after the application of the fungus (Date (days before or after application)). Blue stars represent the dates in which ESALQ1604 was recovered from spittlebugs. The arrow represents the moment of application of the fungus ESALQ1604.

Microsatellite diversity of *Metarhizium* recovered from soil, roots and insects {#Sec4}
--------------------------------------------------------------------------------

As a first step, we accessed the microsatellite diversity of *Metarhizium* isolates recovered from soil, roots and insects from the sprayed and the unsprayed sugarcane plot. We genotyped a total of 308 *Metarhizium* isolates recovered from soil and roots in both plots and from spittlebugs in the sprayed plot. We did not find any spittlebugs in the unsprayed plot at sampling dates (see Supplementary Table [S2](#MOESM1){ref-type="media"}).

In total, we identified 152 MMH, of which 130 were found in soil, 17 in roots and 18 in insects (Table [1](#Tab1){ref-type="table"}). Of this total, only 13 MMH were found in isolates recovered from more than one sample group (soil, roots, insects). One MMH (140) was found in isolates recovered from insects, roots and soil, another MMH (146) was found in isolates from insects and soil, while ten MMH (134, 136, 138, 149, 162, 164, 168, 171, 172, 173) were found in isolates from soil and roots. The number of isolates recovered from soil and root from the sprayed and unsprayed plots by sampling date can be access in Supplementary Table [S4](#MOESM1){ref-type="media"}. The highest MMH diversity was found in soil (h = 0.985) and the lowest in insects (h = 0.755) (Table [1](#Tab1){ref-type="table"}). Furthermore, the analysis of molecular variance (AMOVA) showed that the genetic divergence between isolates from the different groups (soil, roots, insects) was high and significant (ФST = 0.303, p \< 0.001). Additionally, the analysis of similarity (ANOSIM) reveled a significant effect of origin (insect, root, and soil) (R = 0.4263, P \< 0.01), and hence there is evidence that the different origins generate statistically different assemblages of haplotypes. However, a greater proportion of the variation was observed within (69.6%) than between (30.3%) isolates from each of these groups.Table 1Estimates of haplotype diversity for *Metarhizium* spp. isolated from spittlebugs, roots and soil. N = number of isolates; NH = Number of haplotypes; NeH = effective number of haplotypes; h = haplotype diversity.PopulationNNHNeHhInsects71184.0820.755Root221712.7370.921Soil21313064.7200.985

We found only 13 MMH that occurred in soil and roots isolates from both plots (133, 137, 139, 140, 144, 146, 149, 155, 161, 162, 163, 164, 165). However, we found a high number of MMH exclusive for each plot: 46 MMH were found only in the sprayed plot. Of these, 35 occurred only in soil, five only in roots and six in roots and soil. Conversely, 75 MMH were found only in the unsprayed plot. Of these, 73 occurred only in soil, one in roots and one in roots and soil. It is noteworthy that the ratio between new MMH per isolate recovered from soil was similar between plots; sprayed plot (1:1.40), unsprayed plot (1:1.79). This can also indicates a lack of saturation of the soil sampling, suggesting that more isolates need to be characterized to fully reveal the diversity in the plots. These results indicate the existence of a high natural diversity of *Metarhizium* isolates in soil regardless of the management in sugarcane field. These findings are supported by AMOVA when considering the different plots. Although, AMOVA showed significant divergence between plots (ФST = 0.219, p \< 0.001), most of the genetic variation was found within plots (78.2%) and indeed, the analysis of similarity (ANOSIM) did not reveal a significant effect of plot (R = −0.0078, P = 0.4831).

We then studied the relationships between MMH from each sample group considering all isolates recovered from the sprayed and unsprayed plots. The minimum spanning network showed the presence of three major clusters of MMH (Fig. [3](#Fig3){ref-type="fig"}). The first cluster (branch at the top of the network) consisted mostly of isolates from soil. The second cluster (the central branch) is formed from most of the MMH representing isolates from insects, but also contained MMH from soil and root isolates. The third cluster (lower branch) consisted of MMH shared by roots and soil isolates. The MMH (130) that corresponded to the isolate applied by the sugarcane mill (ESALQ 5310) in previous years on plot 1 was not found in any of the sample groups. On the other hand, we found 32 isolates from insects that shared the same MMH as that of the applied strain ESALQ1604 (152) on dates after application, thus indicating that they are the ESALQ1604. Moreover, these results showed that the 152 was found exclusively in insects. The individual minimum spanning network for each plot is presented as supplementary material (see Supplementary Fig. [S3](#MOESM1){ref-type="media"}).Figure 3Minimum spanning network of 152 multilocus microsatellite haplotypes (MMH) of *Metarhizium* spp. Circle sizes are proportional to the number of isolates recovered for each MMH. The black arrow indicates the MMH that represent the applied strain (ESALQ1604). The width of lines between circles indicates Rogers' genetic distance^[@CR70]^. Different colors indicate the origin of isolates (insect, soil or root).

Phylogeny of *Metarhizium* ssp. in the sugarcane agroecosystem {#Sec5}
--------------------------------------------------------------

We investigated the phylogenetic relationships between 128 of the 152 MMH found in *Metarhizium* isolates from soil, roots and insects, using the 5′-TEF gene (see Supplementary Table [S3](#MOESM1){ref-type="media"}). The final sequence size obtained was 580 base pairs. According to the reconstruction of the maximum likelihood tree, we found three known species: *M. robertsii*, *M. anisopliae* and *M. brunneum*, plus one taxonomically unassigned lineage, but with identification in progress (*Metarhizium* sp. indet. 1) (ESALQ5392, ESALQ1657, ESALQ1659) (Fig. [4](#Fig4){ref-type="fig"}).Figure 4Maximum likelihood phylogeny of 5′-TEF of 128 multilocus microsatellite genotypes found in this study. A total of 142 Brazilian *Metarhizium* isolates from the ESALQ culture collection are represented. Black circles represent strains from CBS Culture Collections (n = 2) and from taxonomically validated reference accessioned in ARS Entomopathogenic Fungal Culture Collection (ARSEF, n = 7, two of them representing the clades Mani 2 (ARSEF_6347), Mrob 1 (ARSEF_727)). The black triangle represents strains previous published in Rezende *et al*.^[@CR27]^ (n = 6) and black square represent a strain (IP 145) previous published in Rocha *et al*.^[@CR21]^. Above branches, bootstrap support is shown for ML (\>70).

In the soil, we found the following species: *M. robertsii* (n = 64, 60%) \[distributed across the clades Mrob 1 (n = 53), Mrob 2 (n = 1) and Mrob 4 (n = 5), plus five isolates (ESALQ5375, ESALQ5240, ESALQ5382, ESALQ5350, ESALQ5321) with unresolved placement\], *M. anisopliae* (n = 23, 21%) \[distributed across clades Mani 1 (n = 14) and Mani 2 (n = 9)\], *M. brunneum* (n = 17, 16%) and *Metarhizium* sp. indet 1 (n = 3, 3%) (Figs [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}). In isolates from roots, we found *M. brunneum* (n = 4, 43%) and *M. anisopliae* clade Mani 2 (n = 3, 57%). In isolates from insects, we found only the species *M. anisopliae* clade Mani 2 (n = 14) (Figs [4](#Fig4){ref-type="fig"} and [5](#Fig5){ref-type="fig"}).Figure 5Percentage of *Metarhizium* species addressed to the haplotypes representatives isolates from soil (n = 113), roots (n = 6) and insects (n = 14) from sugarcane field.

The strain applied in previous years (ESALQ5310) and the strain applied by us (ESALQ1604) are members of clade Mani 2. In this study, we also noted in sugarcane fields the occurrence of *M. robertsii* (Mrob 1) in a beetle from Scarabaeidae family (ESALQ5168), not included in the maximum likelihood tree.

Recombination {#Sec6}
-------------

We also investigated whether there was any recombination among isolates from soil belonging to the main clades found in this study, Mrob1 (*M. robertsii*) and if the same occurs among isolates from insects of the clade Mani 2 (*M. anisopliae*). Significant evidence of recombination was found in isolates from insects of the clade Mani2 (IA = 0.224, p-value = 0.129; rd = 0.037, p-value = 0.129) (Fig. [6a](#Fig6){ref-type="fig"}). On the other hand, no evidence of recombination based on the IA (0.186, p-value = 0.008) and rd (0.025, p-value = 0.008) was found in Mrob1 (Fig. [6b](#Fig6){ref-type="fig"}) suggesting clonal reproduction among isolates from the Mrob1 clade.Figure 6Tests of recombination for *M. anisopliae* (Mani 2), n = 14 (**a**) and *M. robertsii* (M rob 1) n = 56 (**b**) multilocus genotypes represented by isolates exclusively from soil and insect.

Discussion {#Sec7}
==========

In the present study, we have shown that strain ESALQ1604 of *M. anisopliae* can persist infecting spittlebugs on sugarcane for up to sixty days after the application in the field. The accuracy of these results can be attributed to the highly polymorphic microsatellite markers that we used. While this is the first time that this has been shown for sugarcane in Brazil, similar studies reporting the persistence of *Metarhizium* sp. applied to field using microsatellite markers have been reported for different crops, such as strawberries^[@CR36]^ and maize^[@CR37]^.

It should be noted that, in addition to 50% of spittlebugs infected by ESALQ1604, another 50% of strains recovered from spittlebugs represent native isolates of *M. anisopliae*. Indeed, we reported that 17 MMH from genotyping data of *M. anisopliae* were responsible for 20--50% of naturally infected spittlebugs; this underlines the important role of native isolates in the natural biological control of spittlebug populations. The relative importance of the native isolates in killing spittlebugs is currently under investigation in our laboratory. Taken together these findings constitute a solid basis for the development of new approaches for improving the management of spittlebugs control in sugarcane, such as applying a pool of isolates, made up of commercial and native strains, possibly resulting in higher control rates.

After 90 days of application (April 15^th^, 2015) we did not find any spittlebugs on the field; this is probably due to both the end of the rainy season in the state of São Paulo and to the lower temperatures that induce diapause of spittlebug eggs, thus decreasing the spittlebug populations in the field.

While ESALQ1604 was prevalent in spittlebugs, we did not find any this MMH in soil or in roots. The same was true for ESALQ 5310, the isolate applied by the sugarcane mill in the sprayed plot up to October 2013, 15 months before the ESALQ1604 application. Native *Metarhizium* sp. isolates can reach concentrations as high as 10^4^--10^6^ fungal propagules per gram of soil^[@CR38]^. The low relative concentration and the low volume (150 L/ha) of the applied strain in relation to native isolates could be the reason why we did not find the applied strain in the soil and in roots using the present methodology. Another hypothesis to explain why we did not find the applied strain of *M. anisopliae* in the soil and in roots is the short persistence of this strain in the soil. Based on previous study, our research group has hypothesized that Brazilian *M. anisopliae* isolates are better adapted to insect pathogenicity above ground, whereas *M. robertsii* s.l. has a primarily soil-based ecology^[@CR27]^. All the isolates originated from mycosed insects in that study, representing nearly 2/3 of Brazilian land area, belong to a unique clade, the *M. anisopliae* Mani2, which includes isolate ESALQ 1604 used in this study. The apparent distinct niche occupation by both species was also reported by other studies^[@CR24],[@CR36]^ that demonstrated *M. robertsii* as the most abundant species in soils from different agroecosystem in Brazil. Its versatility and adaptation to the edaphic environments could be related to its capability to establish endophytic associations with plants^[@CR34]^.

Microsatellite markers not only provided information about the persistence of applied strain ESALQ1604 discussed above, but also about the diversity of native isolates in soil roots and insects. The low diversity found in insects by microsatellites was supported by the sequencing data. All isolates recovered from insects in this study were allocated to the Mani 2 clade of *M. anisopliae*. These findings corroborate those of Rezende *et al*.^[@CR27]^, who sequenced the 5′-TEF gene from 32 isolates recovered from spittlebugs in several regions of Brazil and observed that all of them were within the Mani 2 clade of *M. anisopliae*. Similarly, in Mexico, Hernandez-Domingues *et al*.^[@CR39]^ found only *M. anisopliae* infecting spittlebugs from the genus *Aeneolamia* in sugarcane plantations. Conversely, the high MMH diversity found in soil in our study could be attributed to different factors such as the occurrence of a high number of *Metarhizium* species and specific clades identified in this study by 5´-TEF. In this environment, *M. robertsii* was the most abundant species, representing 60% of the isolates, with representative haplotypes in three out of four known clades of *M. roberstii* (Mrob1, Mrob2 and Mrob4). *M. anisopliae* was the second most common species found in soil (21%), with two know clades being represented (Mani1 and Mani2), followed by *M. brunneum* (16%) and *Metarhizium* sp. indet. 1 (3%) (Fig. [5](#Fig5){ref-type="fig"}). The high MMH diversity in soil is also supported by significant results from AMOVA analysis, where 69.6% of the variation could be explained by the source of recovered isolate (soil, root or insect) and ANOSIM analyses (significant effect of origin R = 0.4263, P \< 0.01). The fact that we found only 13 MMH in more than one sample group (soil, insects or root) could indicate that the sampling was not saturated. The different management in each area seems to play an important role on the MMH diversity found in soil and roots in this study. We found in AMOVA that 22% of the MMH diversity was attributed to differences between plots. In spite of the fact that to confirm this statement, we should repeat the experiment in other areas with the same management type, these findings corroborate other studies that reported significant differences in the diversity of *Metarhizium* isolates depending on the management of the study area^[@CR20],[@CR40]^.

Although low numbers of isolates were recovered from roots (n = 22), the MMH diversity was higher (h = 0.921) than it was for insects (h = 0.755). We found two species in roots, *M. anisopliae* Mani 2 (40%) and *M. brunneum* (60%). The occurrence of *M. anisopliae* in roots had been recorded previously in several studies^[@CR41]--[@CR43]^ as well as *M. brunneum*^[@CR43],[@CR44]^. However, the higher relative prevalence of *M. brunneum* isolates in roots (43%) compared to soil (16%), could indicate that *M. brunneum* is more adapted to the root environment in the sugarcane agroecosystem. It is widely known that *Metarhizium* has a bifunctional lifestyle as an insect pathogen as well as a plant endophyte. Their evolutive relation with the fungal grass endosymbionts *Claviceps* and *Epichloë*^[@CR45]^ and the large number of genes for plant degrading enzymes within their genomes^[@CR46]^ points to insect pathogenicity as an adaptation to access a specialized source of nitrogen (i.e. insects), or other insect derived nutrients, and to effectively barter these insect-derived nutrients to access plant carbohydrates^[@CR47]^. Besides the nutrient exchange, this association may bring other benefits such as a larger number of lateral roots and root hair formation, plant height, and shoot/root dry weight acting as plant growth promoters, improving the growth and productivity of plants^[@CR31],[@CR35]^, and protecting them against microbial pathogens^[@CR30]^ as well. So far, only one study has demonstrated the endophytic colonization of sugarcane plants using *B. bassiana* which provided an enhanced numbers of roots^[@CR48]^. Therefore, observation of the endophytic association of *Metarhizium* in sugarcane may indicates the potential for future investigations of its use as a bioinoculant.

Tests of recombination were performed for the two most representative clades of *Metarhizium* sp. identified in this study. The MMH diversity suggests clonal reproduction among isolates of the clade Mrob 1 from soil, while the patterns of diversity is consistent with the occurrence of recombination among isolates of the clade Mani 2 from insects. Kepler *et al*.^[@CR20]^ also found a strong clonal signature for the Clade 1 of *M. robertsii* (Mrob 1), while commenting that a predominance of clonal structure in *Metarhizium* communities is expected in most agroecosystems. According to these authors, the clonal structure is consistent with the prevailing practice of releasing single *Metarhizium* genotypes for the biological control of insects. It is noteworthy that both of the strains used for biological control of spittlebugs (ESALQ1604 and ESALQ5310) were identified as members of the Clade 2 of *M. anisopliae* (Mani 2), which showed signs of a recent history of recombination. Despite the prominence of non-recombination in the life histories of *Metarhizium* species of PARB clade^[@CR20],[@CR49]^, a recent study showed the presence of mating type idiomorphs which supports the idea that all PARB species are also fundamentally outcrossing^[@CR50]^, but the circumstances in which sexual reproduction may occurs remains unknown.

In summary, we have shown that the applied strain of *M. anisopliae* persists in infecting spittlebugs for up to sixty days; Native *M. anisopliae* isolates control between 20--50% of spittlebug populations and the highest diversity of *Metarhizium* is found in the soil environment. Nonetheless, for the first time *M. brunneum* was recovered from sucarcane soil in Brazil. These results constitute a major step in understanding the ecology of *Metarhizium* in sugarcane fields and the destination of *M. anisopliae* application in the environment.

Methods {#Sec8}
=======

Experimental field {#Sec9}
------------------

The experiments were conducted in a sugarcane field of the Iracema Mill (São Martinho Group) located in Iracemápolis city in the state of São Paulo, Brazil. In the sugarcane field, two plots of 9,800 m^2^ each, 700 m apart were delimited. The first one (sprayed plot), located at the coordinates 22°36′10″S, 47°33′17″W and the second (unsprayed plot) at the coordinates 22°36′30″S, 47°33′23″W. The difference between plots consisted of spittlebug control and sugarcane harvesting method which implies burning or not burning the sugarcane before harvesting. Sprayed plot was an area annually treated with *Metarhizium anisopliae*, strain ESALQ 5310 and harvested mechanically. The unsprayed plot was located in an area where *M. anisopliae* has never been applied before and the sugarcane is harvested manually. For manual harvesting, the sugarcane crop needs to be burned prior to cutting the stems in order to eliminate the straw. The soil type of both plots is a Red Latosol and there is no irrigation whatever on these plots.

Strain selection and application of *M. anisopliae* in the field {#Sec10}
----------------------------------------------------------------

The *M. anisopliae* strain ESALQ1604 from the Collection of Microorganisms of the Laboratory of Pathology and Microbial Control of Insects at the Department of Entomology and Acarology of the University of São Paulo was chosen for field application. The ESALQ1604 was isolated in Alagoas, a state located in the Northeast of Brazil far from the released site. This strain is commercially available (Biotech G^®^ produced by Biotech Controle Biologico) for the control of *Mahanarva* spp. This strain proved to be a unique haplotype among 318 *Metarhizium* sequences of the nuclear intergenic MzIGS3 locus (unpublished data). We understand that due to its unique location in the MzIGS3 phylogenetic tree, this strain could be genetically different from native strains recovered from sugarcane fields and therefore easier to distinguish with microsatellite markers.

Aerial conidia of strain ESALQ1604 was produced on 25 kg of parboiled rice^[@CR10]^. The application of fungus was carried out in the sprayed plot on January 9^th^, 2015 at a temperature of 28 °C. A volume of 150 L ha^−1^ of 3.72 × 10^6^ viable conidia/mL was applied using a self-propelled sprayer tank. To provide a better fungus-application coverage, the self-propelled bar was placed two meters above the sugarcane leaf height.

Insect, soil and roots sampling {#Sec11}
-------------------------------

### Soil and roots sampling {#Sec12}

In order to characterize native *Metarhizium* spp. community in both different managed plots, samples of sugarcane soil and roots were collected at four different dates. The first sample was collected on December 18^th^, 2012. The second sample was collected on October 9^th^, 2014, 90 days before applying the strain ESALQ1604 in the sprayed plot. The third sample was collected on February 9^th^, 2015, 30 days after fungus application. The final sample was collected on April 10^th^, 2015, 90 days after fungus application.

The methodology for soil and root sampling was proposed by Jürg Enkeli (Agroscope, Institut für Nachhaltigkeitswissenschaften INH, Zurich, Switzerland) for the project on global phylogeography of *Metarhizium*. Briefly, within each plot we delimitated an area of 3,000 m^2^ wherein points were sampled every five meters in four 100 m rows (see Supplementary Fig. [S1](#MOESM1){ref-type="media"}). Rows were at a distance of 10 m from each other, resulting in 20 sampling point per row, totaling 80 sampling per plot at the dates before fungus application. After fungus application, soil samples were collected at every ten meters in each row, instead of five meters, resulting in 40 samples per plot and date. Twenty samples of roots were collected in each plot at dates before fungus application and 30 and 90 days after fungus application. Roots were not obtained in the unsprayed plot after 90 days because all the plants were removed from that field as they achieved the maturation point for being harvested.

Samples were individually packed in plastic bags and stored in a cooler until transported to the laboratory, where they were kept in a refrigerated room until processing.

### Insects sampling {#Sec13}

Adults and nymphs of *M. fimbriolata* spittlebugs were collected in the sprayed plot on seven dates, three before and four after fungus application. The first three collections aimed to evaluate the rate of spittlebugs natural infection by *Metarhizium* sp. and were conducted 51, 42 and one day before the fungus ESALQ1604 application. The last four collections were conducted after 7, 30, 60 and 90 days of fungus application. We didn´t find spittlebugs in the unsprayed plot on any sampling date.

Spittlebugs' sampling methodology followed the scheme used to monitor insect population adopted by the sugarcane mill (see Supplementary Fig. [S2](#MOESM1){ref-type="media"}). On average, 23 sample points representing one linear meter in each row, and spaced 16 meters from each other, were evaluated for each sample date in the sprayed plot. In each sample point, adult and nymph spittlebugs were collected and recorded.

Nymphs were collected with forceps and individually placed into containers with soil that was attached to the sugarcane roots to keep the humidity. These containers were immediately stored in Styrofoam boxes. The same procedure was performed for adult sampling, but instead of soil we used a piece of sugarcane leaf. In the laboratory, nymphs and adults were kept in quarantine on roots and leaves of sugarcane seedlings grown in a vegetable substrate until their death. Seedling replacement was done when necessary. Spittlebugs cadavers found in the sprayed plot with visible sporulating conidia of *Metarhizium*, were stored individually in labeled microtubes and kept in a refrigerator at 4 °C.

Isolation of *Metarhizium* species from soil, roots and insects {#Sec14}
---------------------------------------------------------------

### Soil and roots {#Sec15}

Insect baiting method was used to recover *Metarhizium* species from soil and root samples. For baiting we used third or fourth larvae instar of *Tenebrio molitor* (Linnaeus, 1758) (Coleoptera: Tenebrionidae), following adapted techniques from Zimmermann^[@CR51]^ as well as from Meyling and Eilenberg^[@CR52]^. Ten larvae of *T. molitor* were transferred to plastic pots with 140 mL capacity, containing 80 grams of soil sample or roots. Before adding to pots, roots were washed with sterile distilled water to remove any excess soil, cut into small pieces (approximately 0.5 cm). The pots were stored in climatic chamber for 14 days at 26 ± 1 °C and 12 h photoperiod. They were turned upside down daily during the first week to induce larvae movement and increase its contact chance with the fungi present in the samples. Assessments of larva mortality were done every 3 days. The soils were moistened with sterile distilled water when necessary. Dead larvae were sterilized in 5% sodium hypochlorite for 1 minute, dipped three times in sterile distilled water and then individually placed in 24-well cell culture plates for confirmation of mortality by *Metarhizium* fungus. Sporulated larva cadavers were placed in microtubes. A small portion of the conidia from cadavers were transferred to Petri dishes containing potato dextrose agar (PDA) medium to obtain pure colonies.

### Insects {#Sec16}

Spittlebugs adults and nymphs dead during quarantine period were superficially sterilized as described to the IB method, placed in a 24 wells cell culture plates and, incubated in a climatic chamber (26 ± 1 °C and photoperiod of 12 h) for seven days. After *Metarhizium* sporulation over cadavers, conidia were spread in PDA medium plates using platinum sterile loops until obtain pure colonies.

*Metarhizium* Isolates are cryopreserved at −80 °C in the Collection of Entomopathogenic Microorganisms "Prof. Sérgio Batista Alves", College of Agriculture Luiz de Queiroz (ESALQ), Brazil.

### DNA extraction {#Sec17}

DNA was extracted from conidia obtained from pure colonies of isolates recovered by "Insect baiting" method as well as from infected spittlebugs. We selected isolates from one or two infected *T. molitor* larvae of each soil or root sample collected in plots 1 and 2. All isolates recovered from spittlebug cadavers had their DNA extracted. For molecular analysis, we also extracted DNA of 33 isolates from the first soil samples collected on December 18, 2012, in which five were recovered from the sprayed plot and 28 from the unsprayed plot.

The method described by Kepler *et al*.^[@CR23]^ was used for DNA extraction, with some modifications. Conidia were inoculated on a filter paper (Grade 2 - Whatman) in small Petri dishes (3 cm in diameter) containing Difco^®^ PDA. Then, the Petri dishes were kept in climatic chamber for 7 to 10 days at 26 ± 1 °C with 12 h photoperiod. The conidia were scraped from the paper filter using a scalpel blade and then transferred to 2 mL microtubes (screw cap Sarstedt Micro Centrifuge Tube). To each microtube, 350 µL of extraction buffer were added (2.1 g of sodium metasilicate (Sigma^®^), 0.5 g of citric acid (Sigma^®^), 2.64 mL of 2-butoxy-ethanol, ethylen glycol butyl ether (Sigma^®^), 13.5 mL of 1 M Tris-HCl, pH 7.0 and 200 mL of sterile distilled water), diatomaceous earth, 1 mm and 2.3 mm zirconia-silica beads (BioSpec products). The microtubes were sealed and placed on the L-Beader equipment 24 (Loccus Biotechnology) for three cycles of ten seconds at a speed of 5.5 m/s. After homogenization and cell lysis, the tubes were immediately placed in a hot bath (100 °C) for 10 min and then centrifuged for 10 min at 14.000 g. After centrifugation, samples were immediately placed in a cold rack. An amount of 175 µL supernatant was removed from each microtube. The DNA was transferred to a new sterile microtube and stored in a −20 °C freezer for later use.

### Genotyping {#Sec18}

Microsatellite molecular markers were used to characterize the *Metarhizium* diversity of isolates recovered from soil roots and spittlebugs and to distinguish the applied strain, ESALQ1604 from other indigenous isolates. Initially, 23 microsatellites described by Oulevey *et al*.^[@CR53]^ and Enkerli *et al*.^[@CR54]^ were tested in ten isolates obtained in this study, including the ESALQ1604. Of these, we selected the ten microsatellites that had the highest peak quality for most of the isolates tested when analyzed with GeneMarker v1.95 (SoftGenetics LLC). (Table [2](#Tab2){ref-type="table"}) We genotyped the samples by multiplexing PCR products from different microsatellite loci, which were labeled with fluorescent dyes (NED, FAM and HEX) attached to the 5′ end of the M13 universal primer sequence (5′-CACGACGTTGTAAAACGAC-3′) following Schuelke^[@CR55]^.Table 2Selected microsatellites organized in three Multiplex groups. Average size of the fragments obtained by each microsatellite, assigned fluorescence, motif region and reference article.MultiplexLocusBase repeat lengthFluorescenceRepeat motifReferenceMultiplex 01Ma2054239HEXGT)~14~/(ATAC)~4~/(TATG)~6~Oulevey *et al*.^[@CR53]^Ma142111HEX(CA)~8~(CGC)~5~Enkerli *et al*.^[@CR54]^Ma2097191FAM(GT)~10~(T)~6~G(T)~4~Oulevey *et al*.^[@CR53]^Ma2099251NED(GT)~4~/(GT)~4~AT(GT)~6~Oulevey *et al*.^[@CR53]^Multiplex 02Ma2064163HEX(T)~6~A(T)~2~A(T)~9~A(T)~7~(GT)~15~Oulevey *et al*.^[@CR53]^Ma2065145FAM(GT)~4~GA(GT)~8~GA(GT)~3~Oulevey *et al*.^[@CR53]^Ma165139NED(CA)~4~Enkerli *et al*.^[@CR54]^Multiplex 03Ma2296142HEX(CT)~8~CCAT(CT)~7~Oulevey *et al*.^[@CR53]^Ma2292197FAM(T)~5~C(T)~7~/(CT)~6~C(CT)T(CT)~2~Oulevey *et al*.^[@CR53]^Ma2063141NED(GT)~11~Oulevey *et al*.^[@CR53]^

DNA samples were diluted in water at 1:10. Each microsatellite region was amplified in a thermocycler, the MyCyclerTM Thermal Cycler mark (Bio-Rad, USA), with the following program: 1 cycle of denaturation at 95 °C for 2 min followed by 36 cycles of denaturation at 94 °C for 30 seconds, annealing at a temperature depending on the primer (ranging from 56 to 60 °C) for 30 seconds and extension at 72 °C for 40 seconds. To incorporate the fluorescently-labeled M13 primer, additional 10 cycles at 94 °C for 40 seconds, 53 °C for 40 seconds and 72 °C for 40 seconds was added to the PCR program after the initial 36 cycles. The extension cycle at 72 °C for 7 min was added at the end.

Genotyping was conducted in the Laboratory of Molecular Biology and Genetic Engineering Center (CBMEG) of the University of Campinas (UNICAMP), São Paulo (SP), Brazil and the results were analyzed with GeneMarkerV1.95 (SoftGenetics LLC).

### Analysis of genotyping data and recombination {#Sec19}

Genotyping data was organized on Microsoft Excel 2010, and analyzed with GenAlEx 6501^[@CR56]^. The number of multilocus microsatellite haplotypes (MMH) was obtained for the groups of insects, soil and roots isolates. To determine the genetic diversity in each group, evaluations of MMH diversity were conducted and the following estimates were obtained: N = number of isolates; NH = Number of MMH; NEH = effective number of MMH and h = MMH diversity. The effective number of MMH is the expected number of MMH considering the lowest sample number (among groups), estimated on the basis of rarefaction^[@CR57]^.

To illustrate the MMH diversity, a Minimum spanning network was created using the statistical analysis program R^[@CR58]^, using the package poppr^[@CR59]^.

Two analyses of molecular variance (AMOVA) were performed with the package poppr^[@CR59]^ in R^[@CR58]^. For the first AMOVA we considered two hierarchical levels (between groups and within groups) with ten microsatellite scored for each of the 306 isolates obtained of *Metarhizium* spp. recovered from the different groups: soil samples (n = 213), roots (n = 22) and insects (n = 71). For the second AMOVA, we considered two hierarchical levels (within plots and between plots) including samples from soil (n = 213) and roots (n = 22). Additionally, we performed the analyses of similarity (ANOSIM) to compare the assemblages of haplotypes between the sprayed and the unsprayed plot, and between haplotype origin (insect, root, and soil), using package vegan^[@CR60]^ for R^[@CR58]^.

The occurrence of recombination within *Metarhizium* isolates was evaluated using the index of association (IA)^[@CR61],[@CR62]^ and rd^[@CR63]^, with the package poppr^[@CR63]^ for R^[@CR58]^. The procedure of clone-correction was performed before the analysis, and significance was calculated based on 999 permutations.

### Amplification, sequencing, editing and multiple alignments {#Sec20}

To access the species diversity of *Metarhizium* spp. we sequenced the forward strand of the elongation factor 5′-TEF region. One representative isolate of each MMH were chosen randomly within all isolates that represented each MMH for sequencing. The amplification reaction was performed using the primer pair: EF1T (5′-ATGGGTAAGGARGACAAGAC-3′) and EF2T (5′-GGAAGTACCAGTGATCATGTT-3′)^[@CR64]^. The PCR was conducted with a final volume of 25.0 µL, containing 14.85 µL of sterile distilled water, 5.0 µL of 1X GoTaq®ReactionBuffer, 0.5 mM of dNTP mix, 0,15 μL of GoTaq®DNA polymerase (5U/µL) (Promega), 0.75 mM of each of primer diluted at 10 pmol/µL and 3 µL of DNA diluted in a 1:5 proportion. The PCR program consisted of an initial cycle of denaturation at 94 °C for 3 min, followed by 35 cycles of denaturation at 94 °C for 40 s, annealing at 55 °C for 45 s, and polymerization at 72 °C for 45 s, ending with an extension at 72 °C for 10 min. The quality and size of the final products of the PCRs were analyzed by electrophoresis on agarose gels (1% w/v).

The PCR products were purified by an enzymatic digestion with Illustra Kit ™ ExoProStar 1-Step (GE Healthcare, São Paulo, Brazil) according to the manufacturer's instructions and prepared for sequencing with Big Dye Terminator v3.1 Cycle Sequencing system (Applied Biosystems, Foster City, CA, USA). Sequencing was performed using the ABI3500xl Genetic Analyzer equipment (Applied Biosystems^®^ 103) from the Laboratory of Molecular Biology and Genetic Engineering Center (CBMEG) of the University of Campinas (UNICAMP), São Paulo (SP). The sequences obtained were manually edited and the multiple alignment was constructed using the ClustalW tool with BioEdit version 7.2.5^[@CR65]^.

The Maximum Likelihood analysis (MV) was performed using GUI RAxML v.1.3^[@CR66]^ implementing the evolutionary model GTR + G. The analysis was conducted considering "gaps" as missing data and support for the obtained relationships was accessed with 1000 replicates of the "rapid bootstrap" algorithm^[@CR67]^. The generated tree was viewed and edited with MEGA6^[@CR68]^.The nodes were considered to have good statistical support when the values of bootstrap were ≥70%^[@CR69]^.
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